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Abstract: This experimental study investigates the flow field around a vertically mounted circular 
cylinder exposed to unsteady flow. The spatial variation of Reynolds-averaged velocity and 
turbulence characteristics around the cylindrical structure is studied in the case of gradually-varying 
unsteady flow, in comparison with a reference steady flow case. Rigid bed experiments were 
conducted in a 30-m long and 1-m wide recirculating flume equipped with a variable discharge pump. 
A 9-cm diameter circular cylinder with smooth surface was vertically mounted to the middle section 
of the flume and used as a model pile. To understand the influence of accelerating and decelerating 
flow conditions, three unsteady cases with different unsteadiness degrees were tested, and the results 
were compared with the steady case. Findings demonstrate that there are distinct differences between 
the steady flow and gradually-varying unsteady flow cases. The differences are more pronounced at 
the recirculation region at the downstream of the pile, and also at the lateral contraction regions at 
both sides of the pile, while they tend to disappear as the unsteadiness degree gets smaller, as 
expected.  
Keywords: Gradually-varying unsteady flow, unsteadiness degree, flow-pile interaction, wake 
turbulence 
1 Introduction 
Presence of an obstacle (e.g. a vertical cylinder such as a pile or bridge pier) in the flow environment, 
will cause drastic changes in structure of the flow field. Separation of the boundary layer due to 
adverse pressure gradient and very strong flow oscillations at the wake region are consequences of a 
bottom-mounted cylinder exposed to flow. Following the separation and down flow at the immediate 
upstream of the pile, a horseshoe vortex will also develop at this region. Lee-wake vortices at the 
downstream, and contraction of streamlines at the sides of the pile are other important features of 
secondary flow as a consequence of flow-seabed-structure interaction (Sumer and Fredsøe, 2002). 
With the bed shear stress amplified and turbulence ascended, the resulting picture is a recipe for 
increased sediment mobility and local scour around the structure. Local scour has been experienced as 
a potential threat that can reduce the stability of pile-supported marine structures that eventually lead 
to failure of them. With this regard, understanding flow-seabed-structure interaction is of the utmost 
importance for the coastal and hydraulic engineering community. 
With many practical applications in engineering, flow-seabed-structure interaction is now a mature 
field with many remarkable studies conducted in the literature (Sumer and Fredsøe, 1997; 
Whitehouse, 1998; Mellville and Coleman, 2000; Sumer and Fredsøe, 2002). However, there still 
stands a large prospect in the discipline with many unknowns yet to be studied (Sumer, 2014). 
Given its relevance to a wide range of problems, flow around bluff bodies (such as a pile) have 
been a major topic in coastal and hydraulic engineering. The research efforts in this area have 
basically focused on three types of flow conditions around the pile; (1) steady flow, (2) oscillatory 
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flow, (3) and a combination of these. Gradually-varying unsteady flow cases, such as tidal flow or 
riverine hydrographs, interacting with vertical piles have not received as much attention as the enlisted 
flow conditions, particularly from hydrodynamics point of view since practitioners generally tend to 
approach this kind of flows with steady flow approximation. However, experience show that 
gradually-varying unsteady flow cases, such as tidal flow or flood hydrographs, may sometimes cause 
more severe scour around piles or bridge piers compared to steady flow (Lai et al., 2009; Whitehouse 
et al., 2011).  
The majority of prior research, utilized numerical or experimental methods to study the flow 
around piles for steady and unsteady cases. Apart from the pioneering studies of Hjorth (1975), 
Melville (1975) and Dargahi (1987); Sumer and Fredsøe (1997, 2002) comprehensively elucidated the 
flow features around piles in steady and oscillatory flow. There have been a vast number of studies 
conducted in the topic, but in the case of unsteady flows there still are many issues that are left to be 
investigated.  
When it comes to gradually-varying flow, Schlichting (1968, p. 408) gives a clear description of 
developing laminar flow around a 2D cylinder under the effect of constant local acceleration. Later 
on, Nair and Sengupta (1997) conducted experiments with circular and elliptical cylinders to study the 
development of unsteady flow around cylinders in comparison to steady flows. Almost all the research 
efforts in the literature try to understand the interaction of gradually-varied flow and cylinders in the 
2D case, where the cylinder is not bottom-mounted. When the cylinder is vertically mounted to the 
bottom as a pile, the picture may change considerably due to (1) the shear in the approach flow, (2) 
bottom generated turbulence, and (3) interaction of pile with the bed. 
In order to clearly reveal the mechanism of pile-seabed interaction under gradually-varying 
unsteady flow, the first step is to understand the hydrodynamics of the problem: What are the 
differences and similarities between steady and unsteady flow cases? What is the influence of 
accelerating or decelerating flow conditions on flow piled structures? How does the flow contraction 
around the pile change in unsteady flow? How does the wake characteristics (vortex shedding, flow 
recovery, turbulence magnification, etc.) change with gradually-varying flow? To what amount is the 
generated wake turbulence affected from unsteadiness? These questions deserve to be addressed to be 
able to get a clear understanding of related problems. 
The main objective of the present study is to investigate the flow structures around a circular pile 
when exposed to unsteady flow. The experimental set up is employed for studying the influence of 
accelerating, peak, and decelerating stages of gradually-varied flow on the flow patterns around the 
pile. The differences and similarities between steady and unsteady flow patterns facing the cylinder 
are also sought. To examine the impact of unsteadiness on the flow structure, three different unsteady 
flow cases have been studied, as well as a steady flow case for comparison. This paper presents the 
first results of the study. 
2 Experiments 
2.1 Experimental set up 
The experiments were conducted in the Hydraulics Laboratory of Istanbul Technical University. The 
utilized flume is 30 m long, 1 m wide, and 1.25 m deep, with Plexiglas sidewalls and smooth concrete 
horizontal bed (roughness height 𝑘𝑘 < 0.5 mm). A flow straightener with honeycomb pattern is placed 
at the flume entrance for verifying smooth inlet flow conditions. For the present experiments, the 
water flow required in the flume is provided by a circulating pump, and the discharge of this pump is 
adjusted by an inverter control. With this inverter, the discharge of the pump can be regulated as a 
function of time as a predesignated function. As such, unsteady flow with different times for raising 
and falling wings can be generated. Fig. 1 presents general view of the flume along with an instant 
form of the experiments. 
Pointwise velocity measurements for studying the flow structure around the pile were performed by 
utilizing an Acoustic Doppler Velocimeters (ADV). The ADV (Nortek Vectrino II) was installed on a 
traverse system that is capable of moving the instrument in all three alignments with high accuracy 




Fig. 1. A view of the experimental flume and an instant form the experiments showing the traverse system. 
In order to measure time series of water level at the upstream and downstream of the pile, two high-
precision resistant type water level probes were used. These probes were placed at a distance of 2.5 m 
upstream and 2.5 m downstream of the pile, respectively, with a total distance of 5 meters from each 
other. The water level probes were connected to a linearized Voltmeter (“wave monitor” by HR 
Wallingford), and logged digitally to a PC via an A/D card. The water level probes were carefully 
calibrated before every experiment. 
The velocity measurements and the water level measurements were synchronized by the system 
clock of the PC used, with an accuracy less than 1ms, both measurements were conducted with a 
sampling rate of 100 Hz. 
2.2 Test Procedure and Data Analysis 
To investigate the flow field around the pile, three different cases for unsteady flow were examined 
along with one case for steady flow as a reference. The water budget in the flume was kept controlled 
during the experiments such that the water depth at the measurement section, where the pile is placed, 
was maintained constant at ℎ = 30 cm throughout all the experiments. In this way, the influence of 
water depth changes and hysteresis was omitted, and only the effect of local and convective 
acceleration of the flow could be studied. The pile used in the experiments was a circular pile with a 
diameter of 𝐷𝐷 = 9 cm manufactured from HDPE with a smooth surface. 
The pointwise velocity measurements were conducted in both vertical and horizontal planes 
downstream of the cylinder. The vertical plane coincided with the centerline of the longitudinal flume 
section, whereas the horizontal plane was fixed at location of 𝑧𝑧 = 16.4 cm from the bed level. After 
some preliminary tests the final grids for the measurements were decided as shown in Fig. 2. As can 
be seen here, the horizontal plane of measurement was extended to the side of the pile where the 
streamlines are contracted. 
The degree of unsteadiness of the three different unsteady flow cases were quantified by an 
unsteadiness coefficients parameter,Λ defined by the following equation. Λ = Δ𝑞𝑞Δ𝑡𝑡 ∙ 1𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚2 (1) 
where 𝛥𝛥𝛥𝛥 = Δ𝑉𝑉 ∙ ℎ is the difference of maximum and minimum discharge values, Δ𝑉𝑉 = 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚  
is the difference of maximum and minimum cross-sectional average velocity values, 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚  and 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 
are the maximum and minimum cross-sectional average velocity of the flow, respectively, and Δ𝑡𝑡 is 
the total time duration of the flow. The flow parameters of the tested flow conditions are presented in 
Table 1. For each of the tested cases more than 200 pointwise measurements were performed. The 
identical flow time series were generated for all the successive tests in a test series. Before the pile is 
placed in the flume, “no-pile” experiments were conducted for each of the unsteady flow cases to 
determine the time-dependent hydraulic characteristics of the approaching (undisturbed) flow. 
569
 
Fig. 2. Velocity measurement grid for a) vertical (𝑥𝑥𝑧𝑧), and b) horizontal (𝑥𝑥𝑥𝑥) planes. 
 
Tab. 1. Flow conditions tested (test series) 
Flow condition  ℎ (cm) ∆𝑉𝑉 
(cm/s) 
∆𝑡𝑡 (s)      Λ 
Steady S 30 0 -- 0 
Unsteady 
U1 30 19 90 0.4 
U2 30 20 120 0.3 
U3 30 17 150 0.2 
 
 
For the comparative synchronization (overlapping) of successive velocity test series, the surface slope 
time series were utilized which were obtained from the water level measurements. Once the raw data 
is obtained, a Savitsky-Golay (Savitzky and Golay, 1964) filter technique was applied for the 
decomposition of Reynolds averaged velocities and the fluctuating parts. To test and verify the 
performance of the technique applied for the decomposition of turbulence, the results were compared 
with an ensemble-averaged decomposition composed of 40 samples. Different smoothing window 
sizes were tested, and as a result, it was seen that the results of Savitzky-Golay filtering technique 
converged to the ensemble average for a time window of 5 to 10 seconds.  As a result, the Reynolds-
averaged and fluctuating parts of the velocity was obtained at any given time of the flow cases, at any 
given location of the measurements grid. An example application is shown in Fig. 3. 
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Fig. 3. An example application of Reynolds decomposition of velocity, U3 no-pile case. Upper pane: Cross sectional-
averaged velocity. Middle pane: Near-bed velocity. Lower pane: Near-surface velocity. 
3 Results 
3.1 The Undisturbed (Far Field) Unsteady Flow 
The undisturbed flow for the three tested unsteady flow cases (U1, U2 and U3 in Table 1) for 
generated are presented in Figs. 4, 5 and 6, respectively. U1 and U2 has a significant bi-modal 
character (double-peaked), whereas U3 can be treated as uni-modal (single-peaked). When the 
velocity profiles given in lower panes in these figures are observed, one can see that the flow is not yet 
developed during the acceleration stages (for instance label A) such that the log-profile has not yet 
been established across the entire depth. Furthermore, during the deceleration stages the log-profile is 
also distorted. For reasons of space, the turbulent kinetic energy profiles are only presented for the U3 
case in Figure 6. From these series of figures, it can be clearly seen that turbulence near the bed 
gradually increases during the raising stage while the turbulence in the main body of the flow follows 
the trend (instants A-D in Fig. 6, TKE profiles). However, during falling stage the near-bed turbulence 
is reduced due to the reduced turbulence production while the turbulence in the upper regions follows 
this trend, keeping its value. As a result, the maximum turbulence across the depth is somewhere away 
from the bed, contrary to fully developed (steady) flow case.  
 
Fig. 4. U1 no-pile case. Cross sectional-averaged velocity and Reynolds-averaged velocity profile for different times. 
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Fig. 6. U3 no-pile case. Cross sectional-averaged velocity, Reynolds-averaged velocity profiles, and turbulent kinetic 
energy profiles for different times. 
3.2 Flow around the Pile in Steady Flow (Reference Case) 
Flow around the circular pile under steady flow (flow condition S) is given in Figs. 7 and 8, which 
respectively show the spatial variation of Reynolds-averaged velocity and turbulent kinetic energy in 
non-dimensional form. The flow contraction is evident that the approach flow velocity increases as 
much as 1.5 times at the side of the cylinder, slightly downstream. Although the flow gradually 
recovers as one gets to the downstream, away from the cylinder, it is not possible to say that the flow 
is recovered 100% even after 12𝐷𝐷 downstream of the cylinder. In addition to the colored velocity 
contours, a white contour line is shown in Fig.7, which encapsulates the recirculation region (adverse 
velocity vectors). As expected, the horizontal extent of the recirculation region is around 2𝐷𝐷 away 
from the wall, which attains to 1𝐷𝐷 or less close to the wall. 
Fig. 8 shows that the cylinder-generated turbulence is peaked at around 2𝐷𝐷 downstream of the 
cylinder due to vortex shedding (Kitsikoudis et al., 2017), which is presumably suppressed very close 
to the bed. With these two figures, the steady flow around the cylinder is summarized. 
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Fig. 7. Steady flow (S) case. Non-dimensional Reynolds-averaged velocity (𝑢𝑢�/𝑉𝑉) contours and vectors. The white 
contour line marks the recirculation region. 
Fig. 8. Steady flow (S) case. Non-dimensional turbulent kinetic energy (𝑇𝑇𝑇𝑇𝑇𝑇/𝑉𝑉2) contours. 
For reasons of space, only the results from U3 test setup is given here. Fig. 9 shows the spatial 
variation of the Reynolds-averaged velocity for the labeled times in Fig. 6. Spatial distribution of the 
turbulent kinetic energy for the same time labels are presented in Fig. 10. 
As can be seen from Fig. 9, not only the magnitude, but also the pattern of the Reynolds-averaged 
velocity significantly changes from time to time. On these plots, the red contour encapsulates the 
recirculation region (where the flow velocity is zero or negative). At the initial stage of the flow under 
small to moderate flow velocity (time A and B), the extent of the recirculation region is shorter 
compared to the steady flow case (c.f. Fig. 7). During the falling stage of the flow (times F, G and H), 
although the flow velocities are smaller than the initial stages, the recirculation region is considerably 
larger, almost as large as the steady flow case. Another important result that can be deduced from Fig. 
9 is that the near-bed flow reacts (or adapts) the changing hydraulic slope faster than the main body of 




Fig. 9. Unsteady flow, U3 case. Non-dimensional Reynolds-averaged velocity contours (𝑢𝑢�/𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚) for different times 





Fig. 10. Unsteady flow, U3 case. Non-dimensional turbulent kinetic energy (𝑇𝑇𝑇𝑇𝑇𝑇/𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚2) contours for different times 
(see Fig. 6). Horizontal (𝑥𝑥𝑥𝑥) plane (top), Vertical (𝑥𝑥𝑧𝑧) plane (bottom). 
Fig. 10 (in comparison to Fig. 8) shows that not only the magnitude of turbulent kinetic energy is 
reduced at the downstream of the pile compared to the steady case, but also the location where 
turbulent kinetic energy is maximized translated to further downstream. Since the origin of the 
turbulence in the wake of a pile is mostly the lee-wake vortices, one can presume that the vortex 
shedding mechanism is suppressed or weakened due to the acceleration or deceleration of the flow. 
Another interesting point is that, although the approach velocity at time C is lower than the approach 
velocity at time D, the turbulent kinetic energy in the pile wake at time C is significantly higher than 




This paper presents the initial findings of an experimental research on the interaction of a pile with 
gradually-varying unsteady flow. Understanding the effects of unsteadiness on the flow field around 
the pile will be an important step towards getting a good perspective about the seabed-structure 
interaction problems involving unsteady flow. On this basis, the spatial and temporal variations of two 
important hydrodynamic quantities, Reynolds-averaged velocity and turbulent kinetic energy, were 
investigated in the case of unsteady flow, and compared with the steady flow case. 
The present findings show that flow contraction at the sides of the pile is evident in both steady and 
unsteady cases, however the flow contraction seems less pronounced in unsteady flow compared to 
the steady case.  Furthermore, the flow recovery associated with the wake of the pile is delayed in 
steady flow compared to the unsteady case. 
The recirculation region at the downstream of the pile is larger during the falling stage of the 
unsteady flow compared to the rising stage, almost as large as the steady flow case. Also, the near bed 
flow at the cylinder wake reacts quicker to the temporally changing pressure gradient compared to the 
main body of the flow. 
The temporally changing contour plots of turbulent kinetic energy in the vicinity of the cylinder 
revealed that the maximum turbulence occurs in distance of almost 2D downstream of the pile in 
steady flow. Although the non-dimensional magnitude of turbulent kinetic energy is less in the 
unsteady flow case, the position where kinetic energy is maximized is moved further downstream 
compared to the steady flow case.  
Future studies to be conducted on the interaction of pile with gradually-varying unsteady flow shall 
involve more in-depth analysis, covering other turbulence parameters, including Reynolds stresses and 
production terms, as well as Lagrangian analysis of the results such as streamlines and pathlines. 
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